ABSTRACT: Cores collected with an intact sediment−water interface were coupled to a Gust erosion chamber to measure cumulative mass eroded at increasing shear stress steps in areas of salmon aquaculture. Cores were collected along transects of stations at a cohesive and a noncohesive seabed site. Organic matter percentage in bottom sediments near aquaculture sites (< 200 m from operations) correlated with the cumulative mass eroded. As the percentage of organics increased, the mass eroded decreased over the sampling periods. Two-way ANOVA indicated that a significant increase (p < 0.05) in organic matter percentage in bottom sediments occurred at both sites over the times of the sampling, which were coincident with the periods from when the aquaculture sites were first stocked with salmon smolt until just before fish were removed for market. Along the sampled transect at the cohesive site, the percentage of organic matter in bottom sediment increased significantly out to 200 m from the site. At the non-cohesive site, organic matter percentage in the sediment only increased at locations that were immediately adjacent to the cage site. Organic matter flux in kg m -2 d −1 doubled over the time of the study at both sites and values suggest that material would have been available for resuspension and transport from both sites. The ability to parameterize the movement of this material in transport models will increase predictive capacity regarding dispersal of farm wastes, which may help to increase the environmental sustainability of salmon aquaculture in the marine environment.
INTRODUCTION
According to the United Nations Food and Agriculture Organization, by 2015 one-third of the world's fish stocks were overfished, three-fifths were fished at maximally sustainable levels, and only two-fifteenths, or 7%, of stocks were underfished (FAO 2018) . These estimates indicate that capture fisheries production has little room to grow to meet the de mand of the world for fish. As a result, aquaculture production continues to experience rapid growth. Be tween 2011 and 2016, for example, global capture fisheries production remained steady at around 90 million t per annum, while aquaculture production, excluding aqua tic plants, increased from just under 62 million to 80 million t over the same period (FAO 2018) .
Since 2013, salmon and trout have been the most valuable global fish commodity, and most of the salmon consumed comes from aquaculture (FAO 2018) . Continuing growth in demand and value are spurring continued expansion of salmon aquaculture, but accompanying this expansion are ongoing concerns about the environmental effects of the waste products of salmon aquaculture.
Until recently, research related directly to particulate salmon aquaculture waste has dealt primarily with deposition immediately under or adjacent to net pens (Smith et al. 2005 , Graydon et al. 2012 , Bannister et al. 2016 . Modelling and field studies have focused on near-field effects from organic enrichment, while the far field has received less attention. The near field is considered to be the area within a few hundred meters of farming operations, while the far field can extend kilometers away. Models to predict the depositional footprint from salmon and other finfish farms using the settling characteristics of waste solids, approximately 40 mm s −1 for fecal material and 100 mm s −1 for feed pellets, have become increasingly accurate (Panchang et al. 1997 , Cromey et al. 2002a ,b, Chamberlain & Stucchi 2007 . Models that predict the subsequent resuspension and transport of waste material, however, are inaccurate (Chamber lain & Stucchi 2007 , Droppo et al. 2007 , Reid et al. 2009 ). Development of coupled hydrodynamic-sediment transport models that can address the far field will require parameterization of the factors responsible for influencing the erosion of aquaculture waste material. Measurements of the erodibility of waste particles associated with finfish aquaculture, including the cumulative mass eroded (CME) at a given bottom stress, are also lacking, which limits understanding of potential farfield transport and possible environmental impacts. Particles at the sediment−water interface move when the downstream (i.e. fluid drag) and upward (i.e. fluid lift) forces overcome the forces keeping particles in contact with the seabed (Wiberg & Smith 1987) . The critical erosion shear stress, which is denoted τ c , is the stress required at the seabed to initiate the motion of particles (Einstein 1950 , Partheniades 1962 , Amos et al. 1992 , Tolhurst et al. 1999 ). In the broadest terms, non-cohesive sediments have mean grain sizes > 63 µm, and cohesive sediments or 'muds' are dominated by fine-grained particles that are < 63 µm. Overall, there have been many investigations of the erosion of both non-cohesive (e.g. Shields 1936 , Soulsby 1997 ) and cohesive seabeds (e.g. Winterwerp 1989 , Amos et al. 1992 , 1997 . More recently, attention has been given to the erosion of sand-mud mixtures that show complex behaviors influenced strongly by the fraction of mud in the mixture (van Ledden et al. 2004 , Stevens et al. 2007 , Law et al. 2008 , Wiberg et al. 2013 .
The stress exerted by waves and/or currents on the seabed provides the work necessary to erode particles from the seabed, whereas particle size and density, cohesion, porosity, consolidation, and biological activity determine the erosion resistance of the seabed (Amos et al. 1992 , 1997 , Maa et al. 1998 , Sanford & Maa 2001 , Wiberg et al. 2013 . Understanding of cohesive sediment resuspension is incomplete because it is governed not only by hydrodynamic forces and the force of gravity, but also by cohesion, which depends on biological and electrochemical variables (Black et al. 2002 , Droppo et al. 2007 . Recent work on size sorting during the erosion of cores from the Gulf of Lions, France (Law et al. 2008 ) and in Seal Harbour, Nova Scotia suggests that in creases in clay content (sediment particles < 4 µm in dia meter) change resuspension dynamics. In sediments that contain >10% clay, a wide range of sizes are eroded at reduced but equal rates. Sediments with a smaller clay fraction exhibit greater erodibility and size-selective sorting over the entire particle size range. Sediment with a small clay fraction can be winnowed of its fine fraction during erosion, but sediments with a larger clay fraction cannot. When muddy sands are eroded, the smallest sediment sizes are winnowed from the bed, essentially cleaning the sands. In contrast, when muds are eroded, size sorting is reduced substantially. In short, after deposition, sands are 'cleaned' by physical disturbance, but muds resist further sorting.
The input of fecal material and feed from salmon aquaculture can increase the amount of 'sticky organic material' and hence cohesion in the water column and in the sediments surrounding aquaculture sites. Milligan & Law (2005) showed decadal changes in floc limit, which is a parameter derived from grain size distributions, from sediments collected in bays with intensive open-cage salmon aquaculture. The increased floc limit in bottom sediments was linked to increased organic loading, which ultimately increased flocculation and the settling of fine-grained material to the seabed (Milligan & Law 2005) . These changes were accompanied by increased sediment accumulation and an increase in organic matter in the seabed (Smith et al. 2005) . In creases in deposited organic matter can also lead to the formation of microbial mats. These mats form when oxygen is depleted in the sediments and overlying water column and can become widespread in sulfide-rich waters (Grant & Gust 1987) . The formation of mats on the seabed is associated with a process known as 'biostabilization' (Neu 1994) . This process occurs when organisms such as algae, fungi, and microbes, combined with exo-polymeric substances, 'glue down' or stabilize the sediment bed (Droppo et al. 2007 ). This process occurs rapidly in the organicen riched sediments around active aquaculture operations (Droppo et al. 2007 ). The addition of fine sediment to the seabed by aquaculture operations therefore has the potential to alter the texture of bed sediment and affect the erosion of bottom sediments near pens.
This study used cores collected with an intact sediment− water interface coupled to a Gust erosion chamber to examine the effect of increasing shear stress on bottom sediments collected from areas of salmon aquaculture. Cores were collected and eroded from along a transect of stations at both a cohesive and non-cohesive seabed site. The goals of this study were to document the spatial and temporal changes in the CME of bottom sediments at 2 active salmon aquaculture sites located over different bottom substrates and to elucidate the possible mechanisms responsible for observed changes.
MATERIALS AND METHODS

Overview
The CME of cores collected with an intact sediment− water interface was measured at 2 areas of active salmon aquaculture: (1) in Passamaquoddy Bay, southwest New Brunswick, Canada and (2) in Jordan Bay, southwest Nova Scotia, Canada (Fig. 1) . Passama quoddy Bay is sheltered from the outer Bay of Fundy by islands around the site, primarily Deer Island. The Navy Islands aquaculture site in Passama quoddy Bay (45°1.9' N, 67°0.4' W) is located in the (Fig. 1) . The average water depth at the site is approximately 23 m and it has an average tidal range of 7 m (see Fig. 3 ). The aquaculture site occupies an area that is about 500 m in length by about 200 m in width. It is made up of (15) circular pens in 2 parallel rows of 8 and 7 (Fig. 1) . The seabed at the site is primarily mud with median diameters (d50) of approximately 9.5 µm with a small sand fraction (< 2%). The sediments are cohesive, with an average clay (< 4 µm) fraction of greater than 20%. Jordan Bay is located on the Atlantic coast of Nova Scotia and is exposed to wind waves and longer period swell. The Jordan Bay aquaculture site is located in the outer part of the Bay (43°42.0' N, 65°11.7' W) and is close to Blue Island (Fig. 1) . The average water depth at the site is approximately 17 m and the average tidal range is 1.5 m (see Fig. 2 ). The aquaculture site occupies an area that is about 500 m in length by about 200 m in width. It is made up of (20) circular pens in 2 parallel rows of 10 ( Fig. 1) . The sediment at the site is non-cohesive. It comprises fine sand with d50 values of approximately 125 µm, and the clay fraction is less than 2%.
The Navy Island and Jordan Bay aquaculture sites were both stocked with juvenile salmon in April and May 2015. Cores were collected and eroded, within 2 h or less after collection, during approximately 1 wk field excursions in May 2015, October 2015, and October 2016 at the Navy Islands site and in June 2015, September 2015, and September 2016 at the Jordan Bay site. The cores were collected using a mini-slo corer and coupled to a Gust microcosm erosion chamber. There were no visible bacterial mats on any of the eroded cores. Cores were collected along a series of stations from 0 m (i.e. at the cage site) to 1000 m (i.e. reference site) along a transect based on the mean direction of the currents at both locations. Additional stations were sampled throughout the sampling periods to encompass the opposite side of the site.
Mini slo-corer
The mini slo-corer is a reconfiguration of the large slo-corer developed by Bothner et al. (1998) for studies of trace metal levels associated with sewage outfalls in Boston Harbor. The mini slo-corer is a hydraulically damped gravity corer that uses 50 kg of lead to push a polycarbonate barrel slowly into the seabed to collect bottom core samples. The key feature of the slo-corer is its ability to collect sediment cores without disturbing the sediment−water interface, thereby preserving flocculated mobile material at the surface. Other corers (e.g. box and gravity) and grab samplers (e.g. Eckman and Van Veen) do not preserve an intact sediment−water interface due to their impact on the seabed when sampling ).
Gust chamber
The Gust chamber is an erosion simulator that comprises a housing with a rotating stirring disk, a removable lid, and water input and output connections. It fits directly on top of a slo-core tube. By controlling both the rotation rate of the stirring disk and the rate at which water is pumped through the device, a uniform shear stress can be applied across the sediment surface. Shear stresses applied to cores for this study were 0. 01, 0.08, 0.16, 0.24, 0.32, 0.40, 0.48, and 0 .60 Pa, with the first step of 0.01 Pa being used to flush tubing and the Gust chamber. Shear stress at each level was maintained until an attached Hach 2100 AN turbidity meter recorded values that corresponded to near background concentrations, which usually required 30 min for the 0.01 Pa and 20 min for each successive shear stress. Observed rapid decreases in concentration with time at a given shear stress were indicative of depth-limited erosion, also known as Type I erosion (e.g. Sanford & Maa 2001) , for which the critical shear stress of the bed increases with depth. Background water, collected near the seabed from which the core was taken, was pumped into the chamber and withdrawn from an outlet in the lid to maintain the desired shear stress. The water that was pumped through the turbidity meter from the chamber was subsequently collected in a 2 l flask and filtered for suspended particulate matter (SPM) and particle size analysis. The turbidity meter and SPM data were used to calculate erosion rate, CME, and the depth-dependent critical erosion shear stress (τ c ) for each core using the Gust Chamber processing software and following the erosion formulations of Sanford & Maa (2001) , which allows τ c to increase with depth, thus properly representing depth-limited erosion. For a complete de scription of the Gust chamber, its function, and calibration, see Gust & Muller (1997) , Tolhurst et al. (2000) , and Stevens et al. (2007) .
CME
The mass eroded per unit area at each shear stress step was calculated by multiplying the SPM for each shear stress step minus the background SPM, which was determined by gravimetric filtration, by the total volume of water collected for each stress step, and then dividing by the area of the eroded surface (0.0092 m 2 ). CME (kg m −2 ) was calculated as the sum of the masses eroded for each shear stress step. For a further description of CME, see Stevens et al. (2007) and Wiberg et al. (2013) .
Sediment analysis
The top 0.5 cm of the bottom sediment collected by the slo-corer was sampled using a stainless steel spoon ula. Organic matter percentages from bottom sediments were estimated using loss on ignition (LOI) by combusting the sediment at 450ºC for 6 h (Kristensen 1990 ). Organic matter percentages from Gust erosion filtered samples were determined using LOI by combusting a GF/F filter with suspended sediment sample (Kristensen 1990 ). The before-minus-after combusted weight of the sediment divided by the total dry weight multiplied by 100 represents the total organic matter percentage of the sample. Organic matter flux values were determined based on a programmable sediment trap that collected up to 12 samples, each over 6 h periods, during the study. The samples were used to calculate an average flux in g m -2 d −1 for the entire sampling period. The sediment trap was tied off to an outer cage and sat on the seabed with the top of the trap approximately 1.4 m off the bottom.
The disaggregated inorganic grain size (DIGS) of the bottom sediments was determined for both the cohesive and non-cohesive sediments. Organic matter was removed by adding 35% hydrogen peroxide (H 2 O 2 ) to the sample. Samples then were disaggregated with a sapphire-tipped ultrasonic probe prior to analysis . Grain-size analysis of cohesive samples from the Navy Island site were run on a Coulter Counter Multisizer 3 electro-resistance particle size analyzer (Milligan & Kranck 1991 , Law et al. 2008 , and non-cohesive samples collected at the Jordan Bay site were analyzed using a Beckman Coulter LS 13320 laser diffraction particle size analyzer.
Bed solids volume fraction, φ stot, was determined by dividing the volume of solids in the bed sediment by the total volume. The solids volume fraction of the mud matrix, φ sm, in the bed sediment was determined based on the < 63 µm fraction from the grain size analysis of bottom sediments using the Coulter Counter and Coulter Laser. For more information on φ stot, and φ sm , see Sanford (2008) and Dickhudt et al. (2011) .
Physical oceanography data
An upward-looking Acoustic Doppler Current Profiler (ADCP; 2 MHz, Nortek Aquadopp) was deployed on a bottom-mounted frame at each aquaculture site, 100 m from the 0 m coring location. The ADCP was positioned 0.15 m above the seabed. Data were collected in burst mode at 8 Hz with 4800 samples. This frequency of sampling allowed data collection for 10 min every 30 min and enabled the measurement of current velocities and wave height, period, and orbital velocity. Shear velocities from currents were estimated using the law-of-the-wall equation. A wave-current-interaction model developed by Grant and Madsen was used to determine the combined wave-current shear stress at the seabed (Grant & Madsen 1986 , Madsen 1994 . Roughness lengths, z o were taken from Soulsby (1983 Soulsby ( , 1997 and were assigned values of 2.0 × 10 −4 m for mud and 4.0 × 10 −4 m for sand. Significant wave heights were collected using an RBRduet temperature and depth, wave gauge sampling at 16 Hz with 2048 samples per burst every 5 min, which was mounted at 0.5 m above the seabed. An RBR CTD XR-620 sensor configured to make measurements of salinity, temperature, and pressure every 5 min by averaging data collected at 6 Hz for 30 s was colocated with the RBRduet.
Statistics
Statistical analyses were performed in SigmaStat of the SigmaPlot graphics software, which is a part of the Systat software package. Spearman correlations were used to test for correlation between sediment variables after the data were tested for normality using a Shapiro-Wilks test. Two-way ANOVA was carried out using station distance and time of sampling as the variables and using data for CME and organic matter percent for both the Jordan Bay and Navy Island locations (SigmaPlot 14, Systat Software). Post hoc comparisons both between and within variables based on significance of interactions was carried out using a Holm-Sidak test (SigmaPlot 14). Significance of interaction was also explored using Student-Newman-Keuls and Bonferroni tests. These tests revealed similar interactions, so only Holm-Sidak results are presented.
RESULTS
Physical oceanography
Seabed shear stresses at Jordan Bay were dominated by wave activity (Fig. 2) . In September 2016, seabed shear stress averaged 0.42 Pa. Stress remained above 0.08 Pa for the length of the study, and it was greater than 0.24 Pa for over 50% of the deployment period (Fig. 2) . Seabed shear stresses at Navy Island were dominated by the tide (Fig. 3) . During the October 2016 field campaign, bottom shear stress averaged 0.039 Pa and remained under 0.08 Pa for > 93% of the deployment period. Seabed shear stress at both study locations had similar values for the other study time periods compared with the last 2016 sampling. Significant wave heights at Navy Island are very small compared to Jordan Bay, ranging from 0.03 to 0.13 m with an average of 0.07 m (Fig. 3) , whereas significant wave heights in Jordan Bay were sometimes in excess of 2 m (Fig. 2) . As a result of such small wave heights, orbital velocities from waves were often negligible at the Navy Island site. Current velocities at both Jordan Bay and Navy Island were similar with maximum current velocities of approximately 0.20 m s −1 (Figs. 2 & 3) . Salinity was more variable at the Navy Island site compared to Jordan Bay over the 3 study periods and ranged from a low of 30.7 PSU in May 2015 to a maximum of 32.7 PSU in October 2016 with an average of 31.8 PSU, whereas Jordan Bay had an average salinity of 31.3 PSU which varied by less than 0.5 PSU over the 3 study time periods.
CME
Critical surface erosion shear stress, defined herein as the stress at which material was initially resuspended from the surface, was determined to be 0.01 to 0.02 Pa. In both Jordan Bay, which is an area with a non-cohesive sediment seabed, and Navy Island, which is an area with a cohesive seabed, the initial erosion of material occurred at low shear stress. Visual observation of material eroded from the different bottom substrates suggests that flocculated particles dominated at lower shear stresses (i.e. 0.01 and 0.08 Pa). The primary difference in erodibility of bottom substrate between the sites was that at the noncohesive site, little erosion occurred over all but the last 2 steps (i.e. 0.48 and 0.60 Pa), whereas at the cohesive site, a similar amount of material eroded over each consecutive stress step (Fig. 4) .
The CME at Jordan Bay from the 0 m stations on either side of the cage was always about an order of magnitude less during the June 2015 and September 2015 sampling and 5 times lower in the September 2016 sampling compared to the 1000 m station (Fig. 5, Table 1 ). At the initial site visit to Navy Island in May 2015, all stations had similar CME, with the (Fig. 6, Table 2 ).
Sediment characteristics
Although the range of the mass fraction of sand (i.e. fs sand) in bottom sediments at Jordan Bay shifted slightly, it averaged 91% for each of the 3 sampling periods (Table 3 ). In addition, while the mud fraction (i.e. < 63 µm) in some bottom sediment samples increased over the 3 study periods from June 2015 to September 2016, the minimum amount remained constant over the 3 samplings, resulting in very little change to the average mud fraction (Table 3) (Table 3) .
At Navy Island, fs sand was always between 0 and 4% and averaged 1, 1 and 2% during the May 2015, October 2015 and October 2016 study periods (Table 4 ). The mud fraction (i.e. < 63 µm) ranged from 96 to 100% in the bottom sediment samples and averaged approximately 99% over the 3 study periods (Table 4) Table 2 . Average CME values for Navy Island Fig. 6 . As in Fig. 5 , but for Navy Island. Please see Fig. 1 
Two-way ANOVA (Holm-Siddak) and Spearman correlations
Two-way ANOVA was performed to examine the interactions of sampling distance from the center of the aquaculture cage sites and sample date on CME. At Jordan Bay, there was a significant effect of station distance (F 3,12 = 23.16, p < 0.001) and sample date (F 2, 23 = 14.63, p < 0.001) on CME (Table 5) . Post hoc analysis of interactions showed significant differences in CME among stations were driven largely by station distance within the September 2015 sampling. At Navy Island, there was also a significant effect of station distance (F 4,15 = 3.979, p < 0.021) and sample date (F 2,15 = 5.55, p < 0.016) on CME (Table 6 ). Post hoc analysis of interactions showed significant differences in CME only among the stations at 0 and 1000 m.
Spearman correlations, the measure of strength of linear associations between variables, were run for each of the sediment characteristics from the bottom sediments collected at Jordan Bay and Navy Island (Tables 7 & 8 ). The sediment data were combined over all 3 sampling periods. Values of CME were negatively correlated with the percentage of organics found in the muddy bottom sediments at Navy Island (R = −0.695, p < 0.001) ( Table 8 ). The negative correlation coefficient means that as the percentage of organics in bottom sediments increased, the amount of mass eroded in the erosion experiments de creased.
Organic matter flux measured from the sediment trap approximately doubled at both locations over the study periods (Fig. 7) . To further investigate the interactions of sample distance from aquaculture operations and sample date on organic matter percentage in the bottom sediment, a 2-way ANOVA was performed. At Jordan Bay, there was a significant effect of station distance (F 5, 36 = 15.97, p < 0.001) and sample date (F 2, 36 = 12.582, p < 0.001) on percentage of organics in bottom sediments (Table 9) . Post hoc investigation of interactions re vealed that stations immediately at the cage site, on both the north and south sides, experienced increases in organic matter percentage over the course of the sampling period (i.e. from May 2015 to September 2016) and that the stations at 0 m on both sides of the cage site were significantly different from the other stations (Fig. 8) . At the Navy Island site, there was also a significant effect of sample distance (F 4, 30 = 24.563, p < 0.001) and sample date (F 2, 30 = 51.042, p < 0.001) on organic matter percentage (Table 10) . Investigation of interactions revealed that there was significant difference in organic matter percentage of the bottom sediment at the 0, 50, and 100 m stations compared to the 200 and 1000 m stations. In addition, there was a significant increase in organic matter percentage of bottom samples from the first sampling in June 2015 to October 2015 and then again to the 314 Max.
Min. Avg. Table 6 . ANOVA for cumulative mass eroded for Navy Island final sampling in October 2016. Overall, stations from immediately at the cage site out to 200 m away from the cage on the sample transect showed significant change in terms of increased organic matter percentage from the start to the end of the samplings (Fig. 9 ).
May 2015
DISCUSSION
Near field vs. far field
A significant increase in organic matter percentage in bottom sediments occurred at the cohesive sediment site, Navy Island, out to 200 m from aquaculture operations, from the beginning of the sampling when fish were added to the site until the end of sampling, which was just prior to fish being removed and sent to market. At the non-cohesive site at Jordan Bay, a significant increase in organic matter was observed only at the 0 m stations on both the north and south sides of the cage site over the 16 mo sampling period, during which fish grew from smolt to near market size. Organic matter flux (g m -2 d −1
) collected at the time of each sampling approximately doubled at both locations during the grow out process (Fig. 7) , with higher values observed at the Jordan Bay site. This difference may be due to the fact that the number of cages and subsequently the number of fish at the Jordan Bay site were higher than at the Navy Island site, with roughly 450 000− 600 000 fish at Navy Island compared to 600 000− 1 000 000 fish at Jordan Bay, based on a standard stocking density of 30 000− 50 000 fish per cage (Cranford et al. 2017) . Additionally, naturally occurring organic matter may be Table 7 . Jordan Bay Spearman correlations. *p < 0.05; **p < 0.01; ***p < 0.001. The pairs of variables with positive correlation coefficients and p-values tend to increase together, and, for the pairs with negative correlation coefficients and p-values, one variable tends to decrease while the other increases. See Table 3 for definitions φ stot < 63 µm fs φ sm < 4 µm Organic CME fraction sand (%) content (%) (kg m Table 8 . Navy Island. As in Table 7 , but for Navy Island Fig. 7 . Jordan Bay and Navy Island organic matter flux from all samplings. Error bars: 1 SD higher at the Jordan Bay site, although background water samples collected for the Gust erosion experiments from the stations adjacent to the cages at both locations had similar organic matter values of 10 to 20% of the filtered particulate matter, determined by LOI (authors' unpubl. data). Finally, resuspension may play a role in the observed higher organic matter at the more energetic Jordan Bay site. Wave energy was greater at Jordan Bay. Higher energy was presumably responsible for greater dispersal of particulates coming from the aquaculture site, so organic enrichment was only detected directly under the site, where flux was largest. Farther away from the site, depositional flux was smaller than erosional flux, so the organic content of the seabed did not increase. At Navy Island, the erosional flux from waves and currents was low, so increased organic matter in the seabed was observed farther away from the aquaculture site. Increased sediment oxygen demand occurs at aquaculture sites as a result of increased deposition of organic matter (Hargrave et. al. 1993 , Droppo et al. 2007 ). Strain & Hargrave (2005) estimated that up to 50% of organic matter de posited in the vicinity of salmon aquaculture cages at a cohesive site would be respired by the benthos. Grant et al. (1991) showed that areas of finegrained substrate had increases in organic content, bacterial biomass, and community metabolism, which led to a benthic oxygen demand of an average of 2.7 times that of coarser grained sand. Therefore, bacterial de gradation and assimilative capacity of fine-grained sediments would be expected to be higher in the fine-grained cohesive sediments at the Navy Island site.
CME
The erosion of material from cores collected in situ at both the Jordan Bay and Navy Island sites occurred at shear stresses as low as 0.01 to 0.02 Pa, a value exceeded in situ at both locations, even by typical currents working on the seabed (Fig. 2 & 3) . The material eroded was highly organic (i.e. 40 to 60% as determined by LOI, data not shown) at the 0.01 and Table 10 . ANOVA for organic concentration for Navy Island Table 9 . ANOVA for organic concentration at Jordan Bay 0.08 Pa shear stress steps, and visual observations indicated that it was flocculated. observed similar floc erosion of organic material from areas of active salmon aquaculture. As the stress increased in the erosion experiments from approximately 0.24 up to 0.60 Pa, more bottom sediment was eroded and the organic percentage in that sediment decreased. Even at the high shear stress steps (i.e. 0.48 and 0.60 Pa), however, the organic matter percentage in the material eroded at both Jordan Bay at the 0 m stations to the north and south and at Navy Island stations out to 200 m on the main transect remained high (i.e. 10 to 15%) compared with the bed sediments sampled with the slo-corer (Figs. 8 & 9) . The Gust chamber erodes the most recently deposited bed material, which, because of the aquaculture at the sites, was higher in organic content than the background sediment. Dickhudt et al. (2011) estimated that only 1 to 2 mm of the bed sediment was eroded during erosion experiments performed in muddy environments with the same erosion device. Samples collected for organic matter analysis comprised approximately 0.5 cm of the top of the bed sediment, which may help to explain the increased organic matter percentage in Gust samples compared with the bed sediment values. In addition, research has shown that flow through permeable beds can transfer suspended particles from the boundary layer into surficial sediments (Huettel et al. 1996 , Chen et al. 2010 ). This material may have been available for resuspension in the erosion studies, thereby enriching the Gust samples in organic matter.
DEPOMOD (now referred to as AutoDEPOMOD) is a model that was developed in the late 1990s to predict the solid waste accumulation on the seabed associated with fish farming activity (Cromey et al. 2002a) . While primarily addressing the initial deposition of waste, AutoDEPOMOD also employs a simple resuspension module to redistribute waste particles ac cording to near-bed currents (Cromey et al. 2002b) . The resuspension module uses the erosion formula:
( 1) where, M e is the erosion rate (kg m −2 s ). The value of M governs the removal rate of material from the seabed when a bed stress greater than a critical stress is applied. In the module, the values of M and τ c are set at 7.0 × 10 −7 kg m −2 s −1 and 0.0179 Pa (9.5 cm s −1 flow speed), respectively. To compare AutoDEPOMOD predictions to observations, CME at each stress step was calculated by multiplying the modelled M e for that step by the time over which that stress was applied (1200 s). Based on our observations from this study, employing the standard AutoDEPOMOD parameter values overestimates the erosion of bottom material (Fig. 10) . Chamberlain & Stucchi (2007) also found that AutoDEPOMOD eroded too much mass, so they recommended that the resuspension module be turned off during simulations and that AutoDEPO-MOD be used solely to determine the depositional footprint of aquaculture operation. When comparing AutoDEPOMOD output to measured sulfides, Chang et al. (2011) also found a similar result to that of Chamberlain & Stucchi (2007) .
Overestimation of CME by AutoDEPOMOD is linked to improper characterization of erosion. Sanford & Maa (2001) proposed a linear formulation for erosion, with τ c as an increasing function of depth. This type of erosion limits the amount of sediment available at a given stress step, as observed in the erosion of cores in this study. Ac cording to the Sanford & Maa (2001) formulation, more sediment becomes available for resuspension only by increasing the boundary shear stress. In Auto DEPOMOD, the mass transport of material continues at the rate governed by the erodibility para meter, M, as long as the critical bottom stress for erosion is exceed. An additional problem with AutoDEPOMOD is that all particle types (i.e. recently deposited flocs, fecal material, feed pellets) are assigned the same critical stress for erosion. In recognition of these problems, NewDEPOMOD has been introduced, and it has an updated but unpublished resuspension module. This newer version of the model has not yet been incorporated into any of the various national regulatory processes.
Modelling and transport
Recent modelling efforts to understand and predict the transport of finfish waste, primarily salmon, from aquaculture operations to the near and far field have evolved mostly from single-point, near-field currents (Cromey et al. 2002a ) to spatially explicit, 3D-current fields with higher resolution grids near farm sites (Wu et al. 2014 , Bannister et al. 2016 , Broch et al. 2017 . Bannister et al. (2016) validated their coupled hydrodynamic-active particle-tracking model of organic waste dispersal in fjord systems by using observed particulate organic matter flux values from in situ sediment traps. They concluded that using fecal settling material values (i.e. mm s −1 ) from variously sized fish improved predictions of deposition compared to a model with a single value for settling velocity (Cromey et al. 2002b) . Law et al. (2014) used in situ measurements to hypothesize that farm-produced particles packaged in flocs that settle at roughly 1 mm s −1 can be transported to the far field. Broch et al. (2017) used a coupled hydrodynamic-mass transport model to simulate the dispersal and deposition of fish farm waste (i.e. fecal material) at 3 separate locations in Norway, including a fjord, an exposed coastal location, and a semi-exposed location. They included floc-derived material (i.e. smaller size < 2 mm) with appropriate settling velocities. Using the DREAM model with resuspension to transport material, model output was significantly improved when compared to observations of waste/mud thickness collected as part of the Norwegian mandatory benthic surveys of fish farms (Broch et al. 2017 ). The DREAM model also included waves based on the wind field in the erosion process which was important in the costal exposed and semiexposed sites.
This study, based on observations of mass eroded at aquaculture sites from cohesive and non-cohesive farm sites, shows several important factors that should be considered in aquaculture waste transport modelling. First, the organic content of bed sediments affects erosion. Second, organic content of bed sediments near aquaculture operations increases when fish are present. Higher organic content in turn leads to lower erosion rates when the bed becomes enriched, which represents a positive feedback. The perturbation caused by the addition of fish increases organic matter concentration in the bed sediment, which leads to decreased erosion of bed material, and thereby a greater increase in organic matter until a maximum is reached or the organic supply is turned off. Third, the effect of increasing organic matter in bed sediments is diminished but does not vanish in non-cohesive sediments, such as the sandy seabed sediments at Jordan Bay. Finally, transport models need to include waves at sites such as Jordan Bay, because it is the erosive force of waves that increases seabed stress and ultimately resuspends material from the seabed, making it available to transport by currents. The erosion experiments in this study went up to 0.60 Pa, which is representative of typical coastal settings and can erode up to several mm of the seabed. At times when wind waves are large and occur in aquaculture areas with exposed sites and shallower water, waves can be responsible for large resuspension and transport events. Figs. 2 & 3 show the difference in seabed stress between an area that is dominated by tidally induced versus wave-induced stress, with the latter showing an order of magnitude increase. This difference could be responsible for eroding several cm into the seabed, thus removing and transporting large amounts of organic matter out of the area and subsequently resetting the seabed.
Implications and way forward
Understanding the mass transport of aquaculture waste material to the far field is important for the sustainability of the industry and its so-called 'social licence to operate' (Mather & Fanning 2019) . This concept recognizes that social risks to operations must be addressed, and to do so will require building informed public acceptance of the risks posed by waste inputs to the marine environment. Not only can improved understanding of far-field transport help with already established sites, but it can also help during the siting and permitting phase for new sites. Predicting the mass transport of waste products based on the erosion of bed material at a specific site will help answer questions related to smothering or environmental effects that could occur with sensitive habitat such as eelgrass or kelp forests. Graydon et al. (2012) used feed pigments to determine an area of influence out to 1000 m from aquaculture operations, and they hypothesized that low concentrations of small, farm-derived particles may exist on a bay-wide scale. Law et al. (2014) showed that relatively organic-rich, densely packed, flocculated particles that are perhaps indicative of aquaculture waste material were present at aquaculture sites and suggested these particles as a pathway to the far field. The coupled hydrodynamic-transport modelling studies of Bannister et al. (2016) and Broch et al. (2017) showed that organic material from aquaculture operations can reach several km into the far field. As the use of particle-reactive chemical constituents to combat disease and other factors such as sea lice continue to be used in open-ocean aquaculture, it is even more important to understand waste transport and other transport pathways. Predictive modelling using 3D spatially explicit currents coupled with waves and sediment transport/particle transport models will need to be refined and validated. The use of tracers, such as fatty acids, stable iso topes, pigments, etc. combined with measurements of particle properties (e.g. settling velocity, critical stress for erosion) and hydrodynamics will be required to increase our predictive capacity and for model validation.
CONCLUSION
As the organic matter percentage retained in bottom sediments increased at 2 active aquaculture sites, the mass eroded decreased. A significant increase in organic matter percentage in bottom sediments occurred at both a cohesive and a noncohesive site over the time of the sampling, which corresponded to a period during which the aquaculture sites were first stocked with salmon smolt until just before fish were removed for market. At the cohesive site, the organic matter percentage in bottom sediment increased significantly out to 200 m from the site. At the non-cohesive site, a significant increase was detected only at the 0 m north and 0 m south locations, which were immediately adjacent to the cage site. At the non-cohesive site, waves during fall and winter storms could be responsible for large re suspension events. Understanding differences in the erodibility of cohesive and non-cohesive seabeds and implementing appropriate parameters for resuspension and transport in models will improve predictive capacity in the movement of aquaculturederived waste products.
